Abstract: Unconventional processing routes-microwave (MW) and/or spark plasma sintering (SPS)-applied for doped MgB 2 and Sr 2 FeMoO 6 (SFMO) type compounds, induce peculiar effects on structural and magnetic properties. MgB 2 with C60 substitutes for B in the MgB2 lattice during MW synthesis and SPS sintering are possible, while SFMO samples show fine grain size and good magnetic properties. Both methods provide fast processing conditions and therefore considerable low energetic consumption .
Introduction
The manufacture of advanced materials such as oxide and ceramic composites, as well as non oxide materials with improved properties by new modern routes as microwave sintering (MW) and/or spark plasma sintering (SPS) techniques, have certain advantages as follows:
-Both are fast, clean and energy efficient, and generally speeds up the synthesis and sintering processes (short dwell and processing time within a few minutes) -MW processing originates from the interaction of the electromagnetic field with induced or permanent molecular dipoles and/or ions; the adsorbed energy is distributed all over the material, while energy loss occurs only at the surface (sample is hotter inside, colder at the surface) -SPS technique implies pulse DC current passing through the graphite die as well as the sample, which facilitates high heating and/or cooling rate (up to 1000 K/min) -Both MW and SPS are sintering methods with low energetic consumption which allows a good ratio quality/price of the products manufactured by applying these techniques.
General
Improving the grain size and mechanical and thermal properties as well impose the use of new reliable technologies capable to protect the environment and save energy at the same time. Therefore our work has focused on adapting new techniques to MgB 2 and Sr 2 FeMoO 6 compounds synthesis and sintering.
Magnesium diboride (MgB 2 ) [1] has several advantages over other HTS (high temperature superconductors) type superconductors as it is composed of two elements arranged into a layered hexagonal structure, has low anisotropy, is non-toxic, inexpensive, and has a relatively high T c of 39K.
MgB 2 has been manufactured by various synthesis routes but the most promising results were achieved by the SPS processing [1] [2] [3] . In the case of MgB 2 , rapid synthesis is a useful mechanism because leads to an increased number of grain boundaries through the suppression of grain growth. A higher density of grain boundaries is well known to positively contribute to the http://dx.doi.org/10.14510/39ARA2015.3912 enhancement of pinning and, hence, to increase J c in MgB 2 superconductor.
The Sr 2 FeMoO 6 (SFMO) double perovskite is very attractive due to the appreciable low-field magnetoresistance in granular form and a relatively high Curie temperature (410-450 K) [4] [5] [6] [7] [8] . Taking into account very weak values of magnetoresistance in single crystals, the role of grain boundaries has been extensively studied [9] [10] [11] [12] [13] . The intergrain magnetoresistance of polycrystalline Sr 2 FeMoO 6 is known to depend on its grain size and the amount of insulating nonmagnetic SrMoO 4 impurity formed during fabrication [14] .
One of the main problems during synthesis of SFMO is the excessive reduction of Fe 3+ producing Fe 2+ species and even metallic iron, which can increase saturation magnetization [15] . Another problem is the phase stability at ambient conditions. In general, the method and synthesis conditions must be chosen carefully for preparing pure double perovskite with small antisite defects concentration during the reducing step as evidenced by deviation from the theoretical saturation magnetization at low temperature (4.0µB/f.u.).
MgB 2 processing by MW and SPS unconventional routes
MgB 2 doped with fullerene (C60) was performed in a single-mode cavity microwave (MW) furnace, meaning only one mode of microwave propagation is permitted and hence the field pattern is well defined so the material can be positioned accordingly. It is worth mentioning that previous work reported in literature on conventional powder-in-tube processing was not successful in carbon chemical doping of MgB 2 when using C 60 [16] while unconventional Spark Plasma Sintering (SPS) produced excellent carbon substituted samples [17] . Expectations are that the influence of the MW electromagnetic field may generate positive chemical doping effects. Table 1 presents some data of the pellets obtained by MW (B5 and B6) compared with other (B7) prepared by SPS route. As shown in Table 1 , lower density (73 and 85%) is obtained for the MW samples than for the SPS (>90%). We note that data presented previously in literature on MW synthesized samples were likely obtained in most cases by using adapted commercial multimodal microwave furnaces [17] [18] [19] [20] , while we used a single mode furnace built in the lab. MW processing allows the formation of the MgB2 phase (PDF 01-072-7019) as the main phase ( Figure 1) . Impurities are present, and their amount is similar or smaller than that previously reported [17] on MW synthesis. The main impurityphase is MgO (PDF 01-1235). Another impurity phase with the main peak located at 2θ = 44° (Figure 1 ) was assigned to the presence of the (MgB19.615)0.971 phase (PDF 01-070-8720). Because the effects of carbon substitution in MgB2 are missing when using C60 when conventional technologies are performed [20] , it is obvious that the use of unconventional methods promotes the substitution. This is likely due to the specific processes activated by the field (electrical or MW) in the unconventional methods
The structural and microstructural properties of the double perovskite SFMO powders as-prepared and ceramics were compared showing microstructures consisting of very fine grains (0.5-0.8 μm) and a crystalline perovskite structure. Tetragonal SFMO pellets were prepared from the two powders by classical sintering at 1200°C, 2h in 5%H2/Ar and also, by SPS at 1100°C followed by annealing at 1200°C, 2h in 5%H2/Ar. Figure 2 shows the XRD diagrams of the sintered pellets, named as follows: sample A1-pellet prepared from gel powder and classic sintered at 1200 °C, 2h in 5%H2/Ar; sample B1-pellet prepared from powder synthesized by conventional method and classic sintered at 1200°C, 2h in 5%H2/Ar; sample A2-pellet prepared from gel powder and sintered by SPS at 1100°C, 6 min at 50 MPa and then annealed at 1200°C, 2h in 5%H 2 /Ar and, B2-pellet prepared from powder synthesized by conventional method, sintered by SPS at 1100°C, 6 min at 50 MPa and then annealed at 1200°C, 2h in 5%H 2 /Ar. The XRD analyses revealed the formation of tetragonal Sr 2 FeMoO 6 (space group I4/mmm) [21] in all samples.
Figure 2. XRD patterns of SFMO pellets
Small quantities of impurity phases were also detected, among which Fe is the most prominent. In sample A1, the amount of Fe is close to the detection limit of the measurement. The XRD data were processed by Rietveld refinement using TOPAS. The main goal was to assess the iron concentration in each sample in order to correlate with the magnetic properties of the material. The resulted values of reciprocal Fe-Mo substitution in the sites were used in the theoretical estimation of magnetization.
Properties
The structure analysis of both type compounds processed by new routes revealed peculiar properties by comparison with those obtained by conventional methods. The main results are presented below
MgB 2
Scanning electron microscopy shows that the SPS sample (Figure 3a) has grains that are smaller than those of the C60-doped MW sample (Figure 3b−d) . We could not observe significant differences between the morphology of the doped and undoped MW samples. However, MW samples have a quite specific microstructure. Figure 3b shows a microstructure composed of regions of dense structure and regions of low density with open porosity. A closer look at a higher magnification indicates the presence of compact sintered blocks (Figure 3c, inset) that resemble the morphology of SPS samples (Figure 3a) , and a porous dendrite matrix partially sintered. Dendrites are composed of sintered equiaxial particles (2.5−4.5 × 10 -7 m), often with round edges. Some dendrites have a one-dimensional-like shape of a needle with a length of up to 5 × 10 -6 m ( Figure 3d) . One end, i.e., the base that is in contact with the sample, has a larger diameter than the tip. To the best of our knowledge, such one-dimensional (1D) morphology was not observed in samples obtained by other methods, including SPS (Figure 3a) . It is possible that the atypical heating in the MW process, from inside out, generates the right thermal gradient conditions for the formation of a 1D needle. In other words, MW heating through the induced thermal gradient with a low temperature at the tip of the needle promotes 1D dendrite formation. A higher temperature at the base also explains the larger diameter at the base of the needle compared to the tip [23] [24] . 
SFMO
Compared with the morphology of Sr 2 FeMoO 6 pellets obtained by classical sintering, the pellets sintered by SPS presents a more homogeneous morphology, a smaller grain size and a higher densification degree ( figs. 4 and 5) . The pellets sintered by spark plasma sintering shown density >97% ρt, while the pellets sintered by the conventional technique 94% ρt. The pellets presented different magnetic characteristics.
The saturation magnetization of the samples prepared by sol-gel is higher than those prepared by conventional synthesis method, for the same method of sintering and, the pellets sintered by conventional method shown higher saturation magnetization values than the ones sintered SPS.
It has been demonstrated that the magnetization of SFMO depends strongly on the order parameter of the structure, which is influenced by the thermal processing conditions (temperature, time and atmosphere for heat treatment) [24] . Assuming one unpaired electron contributes approximately 1 μB/f.u., ordered SFMO samples should have a saturated magnetic moment of 4μB/f.u. This value is derived from the high spin Fe 3+ ion (S=5/2) coupled antiferromagnetically with the minority spin of the Mo 5+ (S=1/2) [25] . The obtained values of the total magnetic moment, listed in Table 2 , correspond to the saturation magnetization of the samples. These values are lower than the theoretical one (4μB) and this fact is due to the Fe/Mo antisite disorder existing in the double perovskitic structure. Iron location on both crystallographic positions leads to the formation of metal clusters, generating a distribution of ferrimagnetic couplings. 
Conclusions
MgB2 bulk samples undoped and doped with fullerene were synthesised using a single-mode laboratory microwave furnace. The microstructure of MW samples is less uniform than that of the SPS samples. MW samples are composed of dense sintered blocks along with a unique dendrite matrix. Some dendrites have 1D acicular shape with a large diameter at the base and are formed likely because of the particular MW heating conditions, i.e., heating developed from the inside out. Structural and superconducting properties strongly support the idea that C60 substitutes for B in the MgB2 lattice during MW synthesis. This result is similar to that of the field-activated method, SPS, but differs from that of conventional synthesis for which C substitution did not occur when C60 is added to MgB2. We believe that field-activated processes promote substitution.
Tetragonal SFMO pellets were prepared from mixed oxide powders and sol-gel precursors by classical sintering at 1200°C, 2h in 5%H 2 /Ar and, by SPS at 1100°C followed by annealing at 1200 °C, 2h in 5%H 2 /Ar. The SPS sintered pellets showed higher density than the pellets sintered by the conventional technique. X-ray diffraction and transmission electron microscopy have evidenced the formation of tetragonal SFMO as major phase and small amounts of Fe segregated which influences the magnetic properties of the samples prepared by various processes. The results of magnetic measurements indicated that the saturation magnetization of the samples prepared by sol-gel is higher than those prepared by conventional synthesis method, for the same method of sintering. Also, the pellets sintered by conventional method shown higher saturation magnetization values than those sintered by spark plasma sintering.
